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ABSTRACT 

The r o l e  o f  fer rous microst ructure on the  near- threshold f a t i g u e  

behavior has been determined i n  a i r  and i n  6.9 HPa hydrogen. The f a t i g u e  

crack growth r a t e  a t  1 Hertz and R 

mic ros t ruc ture  and s t rength  l eve l  f o r  both an A516-670 and X-60 l i n e p i p e  s t e e l  

a t  a:ternating s t ress  i n t e n s i t i e s  ( A K )  greater  than - 15 MPa*n?h. 

pressure hydrogen g rea t l y  accelerated t h e  f a t i g u e  crack growth r a t e  a t  

these A K ' s ,  but d i d  not a l t e r  t he  observed s t rength  o r  mic ros t ruc ture  

i ndependences . 

0.15 was found t o  be independent o f  

High 

The fa t igue th resho ld  values a t  lo-' ins-' were determined f o r  several  

normalized, and quenched and tempered microst ructures i n  the  A516470 s t e e l  

F o r  AK < - 15 M?a*m/2 both an a u s t e n i t i c  g ra in  s i ze  dependence and a s t rength  

l e v e l  dependence o f  t he  near- threshold f a t i g u e  behavior were observed. The 

fa t i gue  threshold value increased w i t h  increased a u s t e n i t i c  g ra in  s i ze  and 

increased y i e l d  strength.  I n  add i t ion ,  t he  threshold values were found t o  

decrease i n  a hydrogen environment - the mar tens i t i c  microst ructures showing 

the  la rges t  decrease, normalized microst ructures showing the  l e a s t  . 

1 

From these resu l ts ,  quenched and tempered microst ructures produced a t  

h igher austeniz ing temperatures appear t o  provide the  best s t a t i c  s t rength  and 

near-threshold f a t i g u e  behavior i n  both a i r  and h igh  pressure hydrogen 

environments. I n  conclusion, the fer rous mic ros t ruc ture  does in f luence the  

near- threshold fa t i gue  behavior i n  both a i r  and h igh pressure hydrogen 

environments . 
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I NTRODUCTI ON 

Growing concern over f u t u r e  energy demands have l e d  t o  t h e  considera- 

t i o n  of hydrogen as a v i a b l e  energy source, energy storage method, or a t rans -  

p o r t  medium w i t h i n  the Uni ted States. Many technologica l  scenarios w i l l  s to re  

o r  t r a n s p o i t  hydrogen a t  pressures o f  7-14 MPa (1000 - 2000 p s i ) .  Independent 

.)f the  methods o f  product ion,  storage, and d i s t r i b u t i o n ,  t he  i n t e r a c t i o n  o f  

hydrogen wi th i t s  containment ma te r ia l  w i l l  p lay an i n t e g r a l  r o l e  i n  t h e  

success c f  a hydrogen energy program. Present ly  hydrogen containment 

ma te r ia l s  can be selected t h a t  w i l l  remain reasonably f r e e  from environmental 

degradation; however, c o s t l y  a l l o y i n g  add i t i ons  are required. High a l l o y  

s t e e l s  are the re fo re  economical ly p r o h i b i t i v e  when large-scale hydrogen s t o r -  

age, transmission, and energy conversion systems are desired. I n  add i t i on ,  

f u t u r e  c r i t i c a l  shortages o f  major a l l o y i n g  elements used i n  the product ion o f  

s t a i n l e s s  s t e e l  and h i g h l y  a l l qyed  s tee?s  w i l l  r e s u l t  i n  a d r a s t i c  reduct ion 

i n  the use o f  these ma te r ia l s  i n  a l l  but the most c r i t i c a l  s i t u J t i o n s .  fhere- 

fore, t o  implement such fu tu re  hydrogen energy systems, e x i s t i n g  low-cost 

ma te r ia l s  must be improved v i a  mechanical, thermal, o r  thermo-mechanical 

processing o r  new l o s t - c o s t ,  low-a l loy ma te r ia l s  which are hydrogen compatible 

must be developed. 

Low st rength,  low-a l loy s tee l s ,  such as the s tee l s  present ly  used i n  

the na tu ra l  gas p i p e l i n e  system, were o r i q i n a l l y  thought t o  be immune t o  

hydrogen yas embri t t lement s ince no sustained load crack growth had been 

observed’. However, r e s u l t s  o f  Clark? i n  HYSO and Nelson’ i n  SAE 1020 showed 

t h a t  the f a t i g u e  crack growth r a t e  o f  these low s t reng th  s tee l s  can be g r e a t l y  

accelerated by the presence o f  low pressure hvdrogen gas. I n  recent r e s u l t s  
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repor ted by L o u t h a d  and Mucci4, t h e  smooth bar fa t igue l i f e  of an A1066 

p i p e l i n e  s tee l  was reduced by approximately a fac to r  o f  ten  when the  t e s t s  

were performed i n  a 13.8 Wa hydrogen qas environment. These r e s u l t s  suggest 

t h a t  t he  se lec t i on  o f  mater ia ls  f o r  s t ruc tu res  designed t o  operate i n  hydrogen 

under c y c l i c  loads nust  inc lude a considerat ion o f  hydrogen-metal-fat igue 

i n t e r a c t i o n  . 
I n  a d d i t i o n  t o  labora tory  t e s t  data, f a i l u r e s  o f  e x p e r i m n t a l  p i p e l i n e  

segments exposed t o  h igh  pressure hydrogen have been reported5 r6 . Two we1 1 

documented f a i l u r e s  i n  t h e  Sandia High Prescure Hydrogen Experimental p ipe1 i n e  

were a t t r i b u t e d  t o  hydrogen accelerated low cyc le  fa t igue,  

The f a t i g u e  crack growth r a t e  o f  s tee ls  i s  s t rong ly  in f luenced by 

serv ice  environment, me ta l l u rg i ca l  condi t ion,  and loading parameters. I n  

p a r t i c u l a r ,  the  near- threshold crack growth behavior o f  a wide v a r i e t y  o f  h igh  

and l w  st rength  s tee l s  has been shown t o  be a funct ion o f  load r a t i o  

s t rength  l eve l ,  p r i o r  impur i ty  l e v e l ,  and m ic ros t ruc tu re7~"+ .  I n  

p a r t i c u l a r  t he  behavior o f  var ious fer rous microst ructures i n  the  slow crack 

growth r a t e  regime, i n  a we l l  character ized agressive environment, has not 

been widely invest igated.  However i n  h igh s t rength  s tee ls ,  s u s c e p t i b i l i t y  t o  

aqueous o r  i n t e r n a l  hydrogen embri t t lement has been shown t o  be s e n s i t i v e  t o  

the  me ta l l u rg i ca l  m i c r o s t r ~ c t u r e ~ ~  ,l6. I n  add i t ion ,  composit ional e f fec ts  and 

g ra in  s i ze  can modify the  degree o f  s u s c e p t i b i 1 i t y l 6 .  

environmental res is tance t o  hydrogen embrl t t lement seems t o  be provided by a 

we1 1 tempered mar tens i t i c  o r  b a i n i t i c  microst ructure,  which has been ausformed 

t o  produce re f ined p l a t e  s izes and a f i n e l y  dispersed array o f  f i n e  

carbides1'*18; a spheroidized s t ruc tu re  of u n i f w m l y  dispersed carbides i s  

I n  general, t h e  best 
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second best18,1g w i t h  a normalized mic ros t ruc ture  beincj the  poorest18. This 

ranking o f  m ic ros t ruc tura l  res is tance t o  hydrogen degradation has p r i m a r i l y  

been obtained from aqueous environment tes ts ,  which may r e s u l t  i n  f u r t h e r  

compl icat ions of t e s t  i n t e r p r e t a t i o n .  Unfor tunate ly ,  a m ic ros t ruc tu ra l  

he i rarchy o f  low o r  medium s t rength  s tee l s  i s  not present ly  ava i l ab le  f o r  we l l  

character ized hydrogen envi  ronments . 
This research program ob jec t i ve  was t o  determine the  r o l e  o f  ferrous 

mic ros t ruc ture  on the  near th reshc ld  f a t i g u e  crack growth behavior o f  

representa t ive  p i p e l i n e  s tee ls .  From these resu l ts ,  t he  l e a s t  suscept ib le  

fe r rous  mic ros t ruc ture  t o  h igh  pressure hydrogen degradation can be 

detem’ined. Processing o f  fu tu re  p i p e l i n e  mater ia ls  t o  produce t h i s  

mic ros t ruc ture  may then permit  a sa fer  and more economical use o f  our p i p e l i n e  

system. I n  add i t ion ,  t h e  mic ros t ruc ture  which i s  most suscept ib le  w i l l  a lso  

be i d e n t i f i e d ;  t h i s  may permit  t he  fu r the r  analys is  o f  c r i t i c a l  regions where 

t h e  l o c a l  m ic ros t ruc ture  may be sever ly degraded, thereby poss ib ly  prevent ing 

p o t e n t i a l l y  ca tas t roph ic  f a i l u r e s .  

EXPERIMENTAL PROCEDURE 

Two s tee ls  were used t o  measure t h e  in f luence of mic ros t ruc ture  on t h e  

fa t i gue  crack growth behavior i n  h igh  pressure hydrogen. A l l oy  A516-G70 p l a t e  

was chosen as a s tee l  representat ive o f  s tee ls  cu r ren t l y  used i n  the  natura? 

gas p i p e l i n e  system. The A516 p la te ,  1.25 cm t h i c k ,  was aus ten i t i zed  a t  

e i t h e r  900°C o r  1200°C f c r  45 minutes, then icewater quenched, i so thermal ly  

quenched, o r  furnace fan-cooled. The quenched mater ia ls  were tempered a t  

450°C f o r  1.5 hours. The ambient mechanical p roper t ies ,  corresponding 

microst ructures,  and respect ive processina schedules are l i s t e d  i n  Table 1. 
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A wide range o f  mic ros t ruc tures  and s t rengths were obtained a f t e r  t h e  

heat t reatment o f  A516. The normalized mic ros t ruc ture  i s  t he  t y p i c a l  banded 

p e a r l i t e - f e r r i t e  commonly seen i n  hot r o l l e d  p la te .  A representa t ive  micro- 

graph o f  the  70% f e r r i t e  - 30% p e a r l i t t :  normalized (900OC) s t r u c t u r e  is shown 

i n  F igure 1. An example o f  t h e  quench and tempered mar tens i t i c  s t r u c t u r e  

(12OO0C) e x h i b i t i n g  the  t y p i c a l  a c i c u l a r  o r  need le l i ke  martens i te  p l a t e l e t s  i s  

shown i n  F igure 2. The t h i r d  mic ros t ruc ture  tes ted  i s  t h a t  o f  an iso thermal ly  

quenched b a i n i t i c  o r  upper p e a r l i t i c  mater ia l .  This mater ia l  has 

approximately 10% f r e e  f e r r i t e  i n  a continuous network a t  t he  p r i o r  aus ten i te  

g r i m  boundaries. The o v e r a l l  m ic ros t ruc ture  and a h igher  magn i f i ca t ion  

micrograph o f  a f r e e  f e r r i t e  reg ion are  shown i n  Figures 3 and 4. 

The second s tee l  i nves t i ga ted  was a h igh s t rength  low a l l o y  (X-60 

grade) p i p e l i n e  s tee l* .  This s tee l  i s  a modern p i p e l i n e  mater ia l  whose compo- 

s i t i o n  inc ludes low a l l o y  add i t i ons  f o r  increased s t rength  and improved low 

temperature toughness. 

X-60 s tee l s  are l i s t e d  i n  Table 2. The 1.25 cm base p l a t e  conta ins two 

submerged a r c  passes on opposi te sides o f  t he  plate.(The weld was made 

p a r a l l e l  t o  the  l o n g i t u d i n a l  p l a t e  r o l l i n g  d i rec t ions . )  The weld cond i t ions  

c lose ly  approximated those c u r r e n t l y  employed du r ing  l i n e p i p e  f i e l d  welding. 

The chemical compositions of  both the  A516-G70 and t h e  

There are four  d i s t i n c t  m ic ros t ruc tu ra l  regions associated w i t h  the  X- 

60 welded p la te .  These mic ros t ruc tures  - weld o r  fusion metal, heat a f fected 

zone, t r a n s i t i o n  zone, and base metal - are i nd i ca ted  on a macrophotograph of 

* 
D r .  John Spingarn o f  Sandia Laboratory, Livermore, C a l i f o r n i a  suppl ied the  

m a t e r i a l  and t e s t  specimens f o r  t h i s  p o r t i o n  .of the  program. 
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t he  weld i n  Figure 5. Het;llographic examples of each mic ros t ruc ture  are a lso  

presented i n  Figure 5. The base p l a t e  mechanical p roper t ies  are given i n  

Table 2 and hardness p r o f i l e s  o f  t he  weld reg ion are  shown i n  F igure 6. 

TESYING PROCEDURE 

Tensi le and WOL-conpact tens ion specimens were machined from the  heat 

t rea ted  A516 specimen blanks. The t e n s i l e  ax i s  f o r  t he  mechani -a1 p roper t i es  

t e s t s  were p a r a l l e l  t o  the  long transverse d i r e c t i o n  wh i le  t h e  UOL specimens 

were i n  the  L-T o r ien ta t i on .  The A516 W O L  specimens were 1.25 t h i c k  and 

conformed t o  the  ASTM E399-74 standards. For the  X-60 mater ia l ,  c w a c t  

tension specimens o f  s i m i l a r  geometry were used. 

specimens were taken from the  top p o r t i o n  o f  t he  p l a t e  and were only 0.95 cm 

t h i c k .  The machine notch was c a r e f u l l y  placed i n  e i t h e r  the  base metal, t h e  

weld m e t a l ,  or the  heat a f fec ted  zone (HAZ). This v a r i a t i o n  i n  notch p o s i t i o n  

permit ted the se lec t ion  and t e s t i n g  o f  s p e c i f i c  microst ructures . Since t h e  

HAZ was not normal t o  the  base p l a t e  surface, t he  crack f r o n t  encountered the  

fus ion HAZ, t r a n s i t i o n  zone, and base metal mater ia l  simultaneously. The 

e f f e c t  o f  the  m l t i p l e  microst ructures on the  f a t i g u e  crack growth behavior 

I n  a d d i t i o n  t h e  X-60 W O L  

w i l l  be discussed l a t e r .  

Tests ir h igh presslire bydrogen were performed i n  a s ta in less  s t e e l  

chamber. A f t e r  the  chamber was sealed and evacuated t o  less  than O.bPa, i t  

was purged and b a c k f i l l e d  s lowly w i t h  h igh p u r i t y  hydrogen. As p a r t  o f  the  

charging procedure, the  hydrogen was passed through a c o i l  submerged i n  l i q u i d  

n i t rogen t o  f u r t h e r  reduce the water and other  poss ib le  a c t i v e  gas contam- 

inants.  A f t e r  reading the desired operat ing pressure o f  6.9 MPa, the valve 
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was closed and the  specimen and crack opening displacement gage were al lowed 

t o  come t o  e q u i l i b r i u m  w i t h  the h igh pressure hydrogen gas f o r  a t  l e a s t  12 

hours p r i o r  t o  i n i t i a t i n g  the  t e s t .  

decreasing load increment, AP (PmX- Pmin), and 

i n t e n s i t y ,  AK, as the crack f r o n t  extends. The 

cycles, was monitored and l a t e r  used i n  the  data 

s t ress  i n t e n s i t y  a t  t he  crack t i p  was ca l cu la ted  

The f a t i g u e  crack growth r a t e  t e s t s  (FCGR)  were performed under 

constant crack opening displacement. This procedure r e s u l t s  i n  an ever 

l t e r n a t i n g  sr.pess 

odd decay, as a f u n c t i o n  o f  

reduct ion programs. The 

us ing  t h e  Newmanlg formula- 

t i o n .  This formulat ion considers the  e f f e c t  o f  p i n  loading and appl ies over a 

wider range o f  crack length.  The fa t i gue  t e s t s  were p e r f o r m  us ing  a 1 i i e r t z  

haversine waveform and an R r a t i o  (Pmin/Pmax) o f  = 0.15. 

quency was a compromise: 

loading and i s  comnonly used by other  experimenters reduces tn t  amount o f  

hydrogen degradat'on observed; 

The 1 Hz t e s t  f r e -  

t h e  10-80 Hz range which simulates compressor t ype  

the  1 x - 1 x 10'' Hz range, associated 

t i  ve ly  

a1 terna-  

resolu- 

w i t h  d a i l y  or monthly l i n e p i p e  pressure f l u c t u a t i o n s ,  requi res p roh ib  

long t e s t  per iods.  The threshold s t ress i n t e n s i t y  was d e f i r e d  as the  

t i n g  s t ress  i n t e n s i t y  a t  lo-' m/cycle, t he  lower l i m i t  o f  experimenta 

t i o n .  

FractoGraphic and metal lographic analyses were performed a f t e r  t e s t i n g  

was completed. 

was performed us ing a s o l u t i o n  o f  4 grams p i c r i c  ac id  d isso lved i n  100 m l  o f  

methanol. 

o f  several m ic ros t ruc tu ra l  features on the f rac tu re  surface. 

Etching o f  the metal lographic sect ion or f ractographic  surface 

The surface e tch ing  technique f requen t l y  permi t ted the d e l i n e a t i o n  
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Ter: l e  ProDert ies o f  A516 

The t e n s i l e  p roper t i es  of the var ious A516 microst ructures were deter-  

miI.r!d i n  a i r  and 6.9 MPa gaseous hydrogen. 

i w r e a s e  u l t i m a t e  s t reng th  values and t o  decrease s t r a i n  t o  f j i l u r e .  

we; performed a t  the p l a s t i c  s t r a i n  ra tes  o f  2 x 10" s ' ~  and 2 x 

No arge s t r a i n  r a t e  s e n s i t i v i t y  was observed, which i s  i n  agreement w i th  t h e  

Hydrogen was found t o  s l S g h t l y  

Tests 

s-'. 

r e s u l t s  o f  BanerjeeLu. The repor ted t e n s i l e  p roper t i es  i n  Table 1 are t h e  

aver%dge values obtained f o r  t h a t  m ic ros t ruc tu re  and s t r a i n  ra tes i n  an a i r  

environment. The y i e l d  and t e n s i l e  s t rengths were not  s i g n i f i c a n t l y  a l t e r e d  

by the h igh  pressure H2 environment. Even though the  s c a t t e r  i n  the  s t r a i n  t o  

a i l u r e  and reduct ion area measurements was large,  these parameters were 

r-?dLcPd - 30% when the  t e s t s  were conducted i n  hydrogen. This reduct ion was 

probably the .suit of  surface crack ing which onlv occurred dur ing t e n s i l e  

deformation i n  hydroaen. 

un i fcr in  from specimen t o  specimen nor from mic ros t ruc tu re  t o  microst ructure.  

The extent  o f  t he  surface crack ing was n e i t h e r  

The c , r tck ing was confined t o  the necked o r  post un i form s t r a i n  regions. These 

cracks, which i\ :E normal t o  the t e n s i l e  axis,  were of a cleavage o r  quasi- 

clI?avage t d r e  but were genera l ly  on ly  a few grains deep. 



16 

Tensi le Proaer t ies o f  X-60 

Only the  base metal mechanical p roper t i es  were determined f o r  t h e  X-60 

mater ia l * .  A summary o f  those t e s t s  i s  giver: i n  Table 2. 

s t reng th  l e v e l s  o f  i r ld iv idua l  weld microst ructures can be determined from the  

hardness values (shown i n  F igure 6 ) .  

However, r e l a t i v e  

A516 Fat igue Crack Growth Resul ts 

The f a t i g u e  crack growth r a t e  (FCGR) of t h i s  A516 s t e e l  was in f luenced 

by a h igh  pressure hydrogen environment and by v a r i a t i o n s  i n  fe r rous  

microst ructure.  The FCGR increased and the  fa t i gue  threshold 

value (AK ) decreased i n  h igh  pressure hydrogen compared w i t h  those values 

o b t a i n t d  i n  a i r .  

s t rong ly  in f luenced by the f i n a l  a u s t e n i t i r i p g  temperature o r  a u s t e n i t i c  g r a i n  

s lze.  D e t a i l s  f a r  3 given envircnment apd m ic ros t ruc tu re  are presented bt low, 

0 

I n  add i t i on ,  t h e  near- threshold fa t i gue  behavior was 

Baseline f a t i g u e  t e s t s  were performed i n  laboratory  a i r  (23OC and 45% 

RH). Fat igue crack growth ra tes  were obtained between lo- '  m/cycle and 

m/cycle. A t  A K  > - 16 MPa*ml/2, t he  FCGR appeared t o  be independent of ferrous 

m ic ros t ruc tu re  o r  a u s t e n i t i t i n g  temperature, as can be seen i n  F igure 7. 

slape o f  t h i s  l i n e a r  region i n  a i r  i s  3.8. 

the e f f e c t  c f  f i n a l  a u s t e n i t i z i n g  temperatgre and s t reng th  l e v e l  on the crack 

growth behavior becomes apparent. As A K  decreases, the FCGR decreases r a p i d l y  

The 

Below A K  = 16 MPa*r&, however, 

* Mechanical t e s t s  performed by Or. John Spingarn, Sandia Laboratory, 
L i vermore , Ca 1 i f o r n i  a. 
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R = 0.15, u = 1 Hz 

200 30 AUSTENITIC GRAIN SIZE YS(MPa) 
0 0 NORMALIZED 300 
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f o r  those specimens aus ten i t i zed  a t  1200OC. 

a i r  were 14 MPa*& f o r  t he  m a r t e n s i t i c  s t ruc tu re ,  13 MPa& f o r  t he  b a i n i t i c  

s t ruc tu re ,  and 12 MPa'dh f o r  t h e  normalized f e r r i t e - p e a r l i t i c  s t ruc tu re .  One 

important p o i n t  t o  note i s  t h a t  t he  m a r t e n s i t i c  s t r u c t u r e  had the  h ighest  

threshold value--yet had a 50% higher  y i e l d  s t reng th  than the  normalized o r  

b a i n i t i c  s t ructures.  

Threshold values ( f l  MPaon?/q i n  

Specimens aus ten i t i zed  a t  900°C e x h i b i t  a l i n e a r  crack growth behavior 

w i th  AK above = 11 MPa-m/z(Fig. 7).  Below t h i s  l i m i t ,  t he  FCGR drops ab rup t l y  

and approaches threshold values of 9.5 MPa& f o r  the m a r t e n s i t i c  s t r u c t u r e  

and 9 MPa0ml/2 f o r  the f e r r i t i c - p e a r l i t i c  s t ruc tu re .  Again, a s l i g h t l y  h igher  

th resho ld  i s  obtained i n  the  h igher  s t reng th  m a r t e n s i t i c  s t ruc tu re .  

1 

High pressure hydrogen i s  found t o  a l t e r  t he  f a t i g u e  behavior of t h e  

A516 s tee l  as shown i n  Fig.  8. For a given A K ,  t he  FCGR increases above t h a t  

observed i n  a i r  when specimens a re  tes ted  i n  hydrogen. Also, t he  f a t i g u e  

hydrogen than i n  a i r  f o r  a l l  microst ructures 

and shape o f  t he  FCGR curves remain s i m i l a r  t o  

n F ig.  8. 

threshold values are lower i n  

tested. The general features 

t h e  a i r  data as i s  i nd i ca ted  

Above ~ K = 1 3  MPa& t h  FCGR i n  hydrogen appears t o  be independent o f  

fer rous m ic ros t ruc tu re  and p r i o r  a u s t e n i t i c  g ra in  s i z e  (Fig.  8) .  The slope o f  

t h i s  l i n e a r  da/dN vs. A K  curve i s  about 6.2 which i s  approximately 60% g rea te r  

thar. the slope o f  3.8 observed i n  a i r .  As observed i n  a i r ,  the f a t i g u e  th res -  

holds are higher f o r  specimens aus ten i t i zed  a t  1200°C than f o r  those austeni -  

t i z e d  a t  900OC. The threshold values f o r  the 1200°C aus ten i t i zed  microst ruc-  

t u r e  are 13 MPa& for  the m a r t e n s i t i c  s t ruc tu re ,  11.5 M P a v b  for  t h e  



19 

ORIGINAL PAGE IS 
OF POOR QUALITY 

20030 

0 .  

A 

I 

AUSTENITIC 
GRAIN SIZE 
NORMALIZED 

6 8 10 20 

AK, MPa m’ 

R = 0.1 
v = 1Hz - 
3 0 4 0  

Figure 8 - Fatigue Crack Growth Rate o f  
A516 i n  6.9 MPa Hydrogen. 



20 

b a i n i t i l -  s t ruc tu re ,  and 10.5 MPa-nh for t h e  f e r r i t i c - p e a r l i t i c  

mic ros t ruc ture .  

mic ros t ruc tures  are 9 MPa-mlli! f o r  t h e  mar tens i t i c  mic ros t ruc ture  and 6 MPa*ml/2 

f o r  t he  f e r r i t i c - p e a r l i t i c  mic ros t ruc ture .  As had been observed i n  a i r ,  a 

s l i g h t  increase i n  th resho ld  occurs w i t h  increased y i e l d  strength.  

The th resho ld  values f o r  t he  900°C a u s t e n i t i z i n g  

X-60 Fat igue Crack Growth Resul ts 

The FCGR of t h e  var ious X-60 mic ros t ruc tures  was s i m i l a r  t o  t h a t  

Due t o  a measured f o r  t he  A516 i n  both a i r  and i i g h  pressure hydrogen. 

concern over p o t e n t i a l  s u b c r i t i c a l  crack propagation i n  t h e  mic ros t ruc tures  

near the  HAZ du r ing  e a r l i e r  f r a c t u r e  toughness tests2' ,  t he  f a t i g u e  crack 

growth behavior was only  measured a t  A K ' s  greater  than 10 MPa*ml/2. 

add i t i on ,  R i t c h i e Z 7  and Mitchel130 were c u r r e n t l y  determining t h e  f a t i g u e  

th resho ld  i n  X-60 s tee l s  a t  v e l o c i t i e s  down t o  10-l' m in lcyc le .  The weld 

metal, t lAZ, and base metal a l l  exh ib i t ed  s i m i l a r  FCGR's  i n  e i t h e r  the  a i r  o r  

hydrogen tes ts .  Under h igh  pressure hydrogen environments, t he  FCGR o f  t he  

HAZ specimens tended t o  f a l l  a t  t h e  upper bound o f  the  data sca t te r .  However, 

no s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e rence  was observed. The a i r  f a t i g u e  data 

appears i n  Figure 9, w i t h  the  corresponding hydrogen f a t i g u e  r e s u l t s  i n  

F igure  10. 

I n  

A516 Fractoaranhic Resul ts 

The e f f e c t  o f  hydrogen was t o  reduce the  frequency o f  f ractographic 

features t y p i c a l l y  associated w i t h  p l a s t i c i t y .  

specimens i n  a i r  was t ransgranu lar  d u c t i l e  t e a r i n g  w i t h  evidence o f  f a t i g u e  

The f a i l u r e  mode o f  t h e  A516 
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s t r i a t i o n s .  I n  hydrogen, the  f a i l u r e  mode was e i t h e r  t ransgranu lar  cleavage 

o r  i n t e r g r ? " u l a r  separation. 

mar tens i t i c  aus ten i t i zed  a t  1200°C, and t h e  b a i n i t i c  i so thermal ly  quenched 

from 1200°C e x h i b i t  a l l  o f  t he  various f rac tograph ic  features and t h e r e f o r e  

w i l l  be used t o  i l l u s t r a t e  t h e  i n d i v i d u a l  c h a r a c t e r i s t i c s .  

The f e r r i t i c - p e a r l i t i c ,  normalized a t  90O0C, t h e  

The crack growth morphology o f  t h e  normalized n i c r o s i r u c t u r e  cbanged 

d r a s t i c a l l y  upon going from ambient cond i t ions  t o  a h i9h  pre'  hydrogen 

environment. A general summary o f  t he  primary f rac tograph ic  -es i s  given 

i n  Table 3. 

normal i zed m i  c ros t ruc tu re  are: 

The major fea tures  observed a f t e r  a i r  f a t i g u e  o f  t h e  900°C 

1. Fat igue s t r i a t i o n s  and d u c t i l e  t e a r i n g  o f  t h e  a - f e r r i t e ,  as 

shown i n  F igure  11, are  t h e  r e s u l t  o f  p l a s t i c  b l u n t i n g  and 

resha-pening o f  t h e  crack t i p .  

2. Strong in f l uence  o f  t h e  r o l l i n g  i r lc lus ions o f  MnS, appeared as 

sharp elongated secondary cracks on t h e  f r a c t u r e  surface, as 

i nd i ca ted  by t h e  arrows i n  F igure  12. 

3. Frequent secondary cracks along t h e  p e a r l i t e -  

a - f e r r i t e  in te r face ,  as i s  shown i n  Figure 13. 

These features were seen over the  e n t i r e  range o f  a l t e r n a t i n g  s t ress  

i n t e n s i t y .  However, as t h e  a l t e r n a t i n g  s t ress  i n t e n s i t y ,  AK, decreased, t h e r e  

were indicat;;cs o f  less o v e r a l l  gross p l a s t i c i t y  associated w i t h  the  f r a c t u r e  

process. 
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When the 900’C normalized specimens were fa t i gued  i n  6.5 HPa hydrogen, 

the fo l lowing f ractographic  features were observed a t  various l e v e l s  o f  AK: 

1 
1. A t  A K  - 24 MPa*m/2 ,a t ransgranular  mode o f  f a i l u r e  through both 

p e a r l i t e  and f e r r i t i c  gra ins occurred, an example o f  which i s  

shown i n  Figure 14. I n  a d d i t i o n  t o  the t ransqranular  f a i l u r e ,  

evidence o f  secondary crack ing and MnS 

absent. 

nc lus ion  e f f e c t s  were 
I 

1 2 .  A t  a s l i g h t l y  lower AK,  - 17 M P a - m h ,  small amounts o f  

i n t e r g r a n u l a r  f a i  l u r e  were observed among the  general t rans -  

granular features. These features were accompanied by a the  

reduct ion i n  the  o v e r a l l  amount o f  d u c t i l e  tear ing.  

3 .  F i n a l l y ,  a t  A K  values < 12 M P a * & ,  the f r a c t u r e  surface was 

p r i m a r i l y  i n te rg ranu la r  i n  nature. These i n t e r g r a n u l a r  f a i l u r e s  

occurred a t  both f e r r i t e - f e r - r i t e  and f e r r i t e - p e a r l  i t e  

boundaries. F igure 15 and 16 i l l u s t r a t e  t ? e  general appearance 

nterg-anular f a i l u r e  aL low and h igh magni f icat ions 

ve ly  . 
o f  the 

respect 

The i n t e r e s t i n g  observat ion i s  t h a t  althnugh t h e  f r a c t u r e  morphology 

d i l ’ fers  g rea t l y  f o r  the two environments, the threshold values a t  10’’ m/cycle 

are approximately the same. 
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Hydrogen reduces the  occurrence o f  features t y p i c a l l y  associated w i t h  

p l a s t i c  deformation f o r  t he  quenched and temperad mic ros t ruc tures .  

f a i l u r e  mode of both the  1200°C b a i n i t i c  and 1200°C m a r t e n s i t i c  mic ros t ruc-  

tu res  was p r i m a r i l y  a t ransgranu lar  f a i l u r e  i n  both hydrogen and a i r  environ- 

ments. The general f ractographic fea tures  have been summarized i n  Tables 4 

and 5, respect i ve ly  . 

The 

B a i n i t i c  f a i l u r e  surfaces produced i n  a i r  show some evidence of p l a s t i c  

tear ing ,  t ransgranular f a i l u r e ,  and small amounts of i n t e r g r a n u l a r  separat ion 

a t  f e r r i t e - p e a r l i t e  boundaries. Several o f  these features and t h e  reduc t ion  

o f  secondary c rack ing  a t  MnS i n c l u s i o n  s i t e s ,  i nd i ca ted  by arrows, are shown 

i n  Figure 17. 

o f  g lobu la r  or c y l i n d r i c a l  MnS i nc lus ions .  Those specimens t r e a t e d  a t  900 C 

had la rge  p l a t e l e t  MnS inc lus ions  which acted as secondary crack i n i t i a t i o n  

s i t e s .  There are some i n d i c a t i o n s  t h a t  t he  crack f r o n t  i n  t h e  b a i n i t i c  speci- 

mens folAowed the l a t h e  i n te r face  which resu l ted  i n  the  herringbone appearance 

i n  Figure 18. 

This moue o f  f a i l u r e ,  independent o f  environment, always occurs a t  t he  

f e r r i t i c - p e a r l i t i c  boundaries a example o f  which i s  shown i n  Fiaure 19. This 

i n te r face  was the r e s u l t  o f  t h e  isothermal tempering. This resu l tan t  

mic ros t ruc ture  i s  a combination o f  upper b a i n i t e ,  f i n e  p e a r l i t e ,  and f r e e  

f e r r i t e  a t  t he  p r i o r  aus ten i te  g r a i n  boundaries, as was seen e a r l i e r  i n  

Figures 3 and 4. 

Only the  m i r -os t ruc tu res  aus ten i t i zed  a t  1200°C snowed evidence 
0 

The f a i i u r e  surface a l so  contains an i n te rg ranu la r  component. 

The f rac tograph ic  features o f  the  b a i n i t i c  fa t igue surfaces produced i n  

h i g h  pressure hydrogen show less evidence of p l a s t i c  deformation than observed 

i n  a i r ;  some in tergra.nular  f a i l u r e  and occasional areas of quasi-cleavaqe o f  
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t h e  gra in  boundary f e r r i t e  ke re  a lso  observed. 

i n  l o w  and h igh magnif ica' ion fractographs i n  F igure  2(3 and 21. Again, t h e  

f r a c t u r e  path i s  dominated by t h e  b a i n i t i c  l a t h e  zlid g ra in  boundary f e r r i t e .  

These features are i l l u s t r a t e d  

Mar tens i t i c  f ractoGraphic features are s i m i l a r  t o  those Gbserved on t h e  

b a i n i t i c  f a i l u r e  surface. The f rac tu re  path i n  a i r ,  shown i n  F igure  22, i s  

c rys ta l l og raph ic  i n  nature due t o  the  mar tens i t i c  packet morphoiogy. At 

higher magnif icat ion,  see F igure  23, p l a s t i c i t y  arld the  s t rong in f l uence  o f  

the  m a r t e w i t i c  mic ros t ruc ture  on t h e  f a i l u r e  surface can be seen. I n  t h e  

hydrogen environment, t he  t ransgranu lar  f a i l u r e s  e x h i b i t  less  p l a s t i c i t y ,  as 

i s  i l l u s t r a t e d  by F igure  24 and 25. Add i t i ona l l y ,  t he  amount o f  i n t e r g r a n u l a r  

f a i l u r e  increases t o  approximately 10%. 

X-60 Fractographic Resul ts 

As w i t h  the  A516 mic ros t ruc tures ,  hydrogen decreases the moun t  o f  

p l a s t i c i t y  t y p i c a l l y  associated w i t h  comparable a i r  fat 'gue s b r f a c e s .  

Hydrogen environmeqt t e s t s  r e s u l t  i n  f l a t t e r  f r a c t u r e  s'irfaces, as compared t o  

the  more to r tu rous ,  3-D surfaces produced dur ing  fa t igue i n  a i r .  tiohever, i n  

cont ras t  t o  the  A516 mate r ia l ,  severs? s i n i  l a r  f rac tograph ic  features appear 

on both the  hydrogen and a i r  f a t i g u e  surfaces f o r  a l l  the  X-60 microst-uctures 

invest igated. Q u a l i t a t i v e l y  t h e  f r a c t u r e  surfaces are composed o f  f l a t  t rans -  

granular regions surrounded by vdrying amounts of p l a s t i c  t e a r i n g  o r  l o c a l  

d u c t i l e  overloads. The r a t i o  o f  percent t ransgranu lar  t o  percent d u c t i l e  

f a i l u r e  increases i n  the  h igh  pressure hydrogen environment. 
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Several f rac tograph ic  features observed f o r  p a r t i c u l a r  mic ros t ruc tures  

deserve fu r the r  discussion. One such feature not  observed i n  the  normalized 

A516 mic ros t ruc tures  tes te< i n  hydrogen i s  t h e  coexistence of cleavage and 

cyc l i c - t ransg ranu la r  f l a t  f r a c t u r e  of t he  f e r r i t e  gra ins i n  the  same region. 

Such areas e x i s t  i n  both the  weld and base metals. These are i l l u s t r a t e d  i n  a 

low magn i f i ca t ion  3rea F igure  26a and more d e t a i l e d  f ractographs i n  Figures 

26b and 26c. Small amounts o f  i n t e r g r a n u l a r  f a i l u r e  were a l so  observed i n  

these two mic ros t ruc tures  i n  both environments. The incidence of secondary, 

i n te rg ranu la r  cracking increased sharply when the  base metal was tes ted  i n  

h igh pressure hydrogen environments. 

shown i n  Figure 27. 

An example of t h i s  cracking mode i s  

Discussion 

The in f luence o f  mic ros t ruc ture  on the  fa t igue behavior of A516 s tee l  

i n  a i r  p a r a l l e l s  previous observations f o r  a wide v a r i e t y  o f  p l a i n  carbon 

s tee l s .  

w i t h  the 1 i t e r a t u r e  r e s u l t s  o f  SAE 10202, A516-G6022, A516-G7023, and several 

spec ia l l y  prepared Fe-C a l loys2 '+  925. 

f o r  the  low-a1 loy ,  low-strength s tee l s ,  composit ional and minor s t rength  

d i f fe rences  do not  a f f e c t  t he  a i r  crack growth ra tes  s u b s t a n t i a l l y .  In addi-  

t i o n ,  the  present r e s u l t s  f o r  t he  X-60 base m e t a l  and various welded 

microstructures are a lso  i n  good agreement w i t h  these reported FCGR's. 

agreement suggests tha t  t he  minor a l l o y  add i t ions  o f  N i ,  Cr, V,  Nb, and Mo do 

not a f f e c t  the general fa t igue behavior even though they increase the  s t reng th  

and improve the low temperature f r a c t u r e  toughness. 

The FCGR i n  a i r  a t  h igh  A K  values (>  15 MPa'm2) 1/ i s  i n  good agreement 

This agreement o f  FCGR's suggests t h a t  

This 
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As A K  decreases and the  crack growth r a t e  approaches lo- ’  m cyc le-  1 , 

t h e  in f luence o f  the A516 mic ros t ruc ture  becomes more pronounced. The a i r  

threshold value o f  9 MPa’n?/2 f o r  the 900’C normalized mic ros t ruc ture  i s  i n  

good agreement w i t h  the  r e s u l t s  o f  A i t a  arid W e e r t n ~ a n ~ ~  and Masounave a d  

B a i 1 0 n ~ ~  who used a v a r i e t y  o f  p e a r l i t i c - f e r r i t i c  steizls. A t  present there  

are no threshold values f o r  comparable quenched and tempered mar tens i t i c  o r  

b a i n i t i c  microst ructures o r  f o r  a v a r i e t y  of p r i o r  a u s t e n i t i c  g r a i n  s izes.  

However, Minakawa and McEvi ly26 recen t l y  repor ted a f a t i q u e  th resho ld  value 

o f  bKo = 14 MPa*;nl/2 f o r  a duplex f e r r i t i c - m a r t e n s i t i c  s tee l .  This i s  i n  good 

agreement w i t h  t h e  th resho ld  values obtained fo r  the  A516 m a r t e n s i t i c  and 

b a i n i t i c  microst ructures t h a t  were aus ten i t i zed  a t  1200°C. 

The fa t i gue  crack growth behavior of both A516 and X-60 s t e e l s  i s  

g rea t ly  i n f  1 Genced by t h e  presence o f  a h i  gh pressure hydrogen envi ronment . 
The FCGR i s  increased by as much as a f a c t o r  o f  ten  above t h a t  observed i n  

a i r ;  compare F igure 7 and 8 o r  F igure 9 and 10. These r e s u l t s  are i n  good 

agreement w i t h  e a r l i e r  r e s u l t s  o f  Nelson2 on a f e r r i t i c - p e a r l i t i c  SAE 1020 

s tee l .  The threshold a l t e r n a t i n g  s t ress  i n t e n s i t i e s  f o r  f a t i gue  crack growth 

( i re a lso  lower i n  hydrogen compared t o  those obtained i n  a i r  f o r  a l l  the  A516 

microst ructures.  No thresholds f o r  the  X-60 mic ros t ruc ture  were measured 

dur ing  t h i s  study. 

X-60 mater ia l  i n  0.1 MPa ( 1  atm) hydrogen and reported a value 

o f  A K  = 8 MPa=nl/2 a t  

1 Mo s tee l2e  and found an a l t e r n a t i n g  s t ress  i n t e n s i t y  o f  9 MPa*ml/2 a t  lo - ’  

m/cycle. Both of these mater ia ls  had been aus ten i t i zed  i n  the 900°C range. 

These r e s u l t s  of R i t c h i e  a r e  i n  good agreement w i t h  the threshold f o r  the 

900°C normalized A516 mic ros t ruc ture  of t h i s  study. 

However, R i t c h i e  has measured the fa t i gue  th resho ld  f o r  an 

~ n / c y c l e ~ ~ .  Add i t i ona l l y ,  he has s tud ied a 21/4Cr - 



The decrease i n  th resho ld  observed i n  hydrogen was more severe i n  t h e  

A516 f e r r i t i c - p e a r l i t i c  mic ros t ruc tures  (12% decrease) than i n  the  m a r t e n s i t i c  

mic ros t ruc tures  (6% decrease). The fac t  t h a t  mar tens i t i c  mic ros t ruc tures  

e x h i b i t  h igher thr2sholds and there fore  have a h igher res is tance t o  e a r l y  

crack growth may be a p a r t i a l  explanat ion f o r  t h e  observed f a c t  t h a t  i n  h igh  

s t rength  s tee ls ,  the  best res is tance t o  hydrogen i n  sn aqueous environment i s  

found i n  t h e  we l l  tempered m a r t e n s i t i c  and b a i n i t i c  microstructures17y1e. 

However, comparison o f  these r e s u l t s  may not be va l i d ,  because the  mechanisms 

o f  hydrogen degradation i n  t h e  h igh  s t rength  s tee l s  under a s t a t i c  load may 

not be the  same as f o r  t h i s  low s t reng th  s tee l  under dynamic loads. Fu r the r  

experimentation i s  required t o  f u l l y  understand t h e  a d d i t i o n a l  hydrogen res i s -  

tance observed i n  these c y c l i c  crack growth tes ts .  

The s i n g l e  most important m ic ros t ruc tu ra l  va r iab le  found i n  t n i s  study 

i s  the  p r i o r  a u s t e n i t i c  g ra in  s ize .  The fa t i gue  th resho ld  s t ress  i n t e n s i t y  

value i s  increased w i t h  .increasing a u s t e n i t i c  g ra in  s ize.  T n i s  has been 

observed by others and i s  the general behavior f o r  h igh  s t reng th  steels14, 

p r e c i p i t a t i o n  hardened f e r r i t e s 1 9  and p l a i n  carbon s tee ls25.  

i n d i c a t e  the  same t rend occurs f o r  t he  hydrogen f a t i g u e  th resho ld  as we l l .  i n  

both a i r  and hydrogeli, the  fa t i gue  th resho ld  i s  observed t o  increase a minimum 

uf 25% f o r  a fac to r  of ten increase i n  a u s t e n i t i c  g ra in  s ize .  F i n a l l y ,  these 

r e s u l t s  suggest t h a t  i n  weldzd s t ruc tu res ,  mater ia l  exper iencing t h e  lowest 

aus ten ' t i z i ng  temperatures, such as i n  the base p l a t e  o r  a t  t ne  parent metal - 
t r a n s i t i o n  zone in te r face ,  may be more suscept ib le  t o  e a r l y  f l a w  growth o r  

propagation o f  f l a w s  a t  lower s t ress  l c v e l s  thdn i n  s i m i l a r  mater ia l  which has 

experienced higher a u s t e n i t i z i n g  temperatures such as i n  the  HAZ and fus ion 

Present r e s u l t s  



zone. 

60 ma te r ia l .  

zone alone would not  have been poss ib le  due t o  the mixed mic ros t ruc tures  along 

the  crack f r o n t .  

Unfortunately,  the  th resho ld  values were not  measured f o r  t h e  welded X- 

However, a d i r e c t  measure o f  the  threshold f o r  the  t r a n s i t i o n  

Another parameter found t o  i n f l uence  near th resho ld  f a t i g u e  behavior i s  

t he  s t reng th  l e v e l .  

a given a u s t e n i t i z i n g  temperature, t he  th resho ld  fa t igue value a l so  

increases. This increase, although small, i s  found t o  e x i s t  i n  both a i r  and 

hydrogen. This s h i f t  i n  th resho ld  i s  con t ra ry  t o  what has been seen by others 

i n  both l o ~ - s t r e n g t h ~ 5 , ~ * , * ~  and u l t r a - h i g h  s t reng th  s tee ls14.  

Minakawa and McEvilyZ6 have reported an increase i n  t h e  th resho ld  w i t h  

inc reas ing  s t reng th  oT duplex f e r r i t i c - m a r t e n s i t i c  mic ros t ruc tures .  

suggested t h a t  a l a r g e  crack c losure  occurs due t o  back stresses and conf ine- 

ment o f  p l a s t i c  deformation associated w i t h  t h e  hard martensi te.  Thei r  

ana lys is  i nd i ca tes  t h a t  

duplex fe r rous  mic ros t ruc tures  tested. A s i m i l a r  s i t u a t i o n  may e x i s t  i n  the  

present mic ros t ruc ture  whereby the  quenched and tempered mic ros t ruc tures  

cons t ra in  t h e  amount o f  p l a s t i c  deformation t h a t  can occur a t  the  crack t i p .  

This cons t ra in t  i s  a l s o  suggested by f rac tog rph ic  evidence o f  reduced p l a s t i c  

deformation processes on the  f r a c t u r e  surface of t he  queiiched and tempered 

specimens (Fiqs. 5 and 6 ) .  However, no measurements of crack c losure  op 

e f f e c t i v e  A K  were made i n  t h i s  study t o  v e r i f y  t h e i r  proposal. 

I n  the  present study as t h e  s t reng th  l e v e l  increases f o r  

However, 

They 

'2f f  i s  approximately the  same f o r  t h e  v a r i e t y  o f  
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CONCLUSIONS 

The r o l e  o f  mic ros t ruc ture  on the  near- threshold f a t i g u e  behavior has been 

determined f o r  two low strength,  low a l l o y  s tee l s .  The f a t i g u e  crack growth 

r a t e  ?hove an a l t e r n a t i n g  s t ress  i n t e n s i t y  o f  - 15  MPa*ml/2, whether i n  a i r  o r  

h igh  pressure hydrogen, was found t o  be independent o f  microstructur.e, 

s t reng th  l e v e l ,  and small v a r i a t i o n s  i n  s tee l  chemistry. 

The f a t i g u e  th resho ld  values a t  10’9ms’1 were determined f o r  several  

normalized, and quenched and tempered mic ros t ruc tures  produced i n  an A516-G70 

s t e e l .  Both an a u s t e n i t i c  g r a i n  s i z e  dependence and a s t rength  l e v e l  depen- 

dence o f  t he  near-threshold fa t i gue  behavior were observed. 

th resho ld  value increased w i t h  increased a u s t e n i t i c  g ra in  s i z e  and increased 

y i e l d  strength.  

hydrogen environment - the  m a r t e n s i t i c  mic ros t ruc tures  showing the  l a r g e s t  

decrease, normalized mic ros t ruc tures  showing t h e  leas t .  

The f a t i g u e  

I n  add i t i on ,  t he  th resho ld  values were found t o  decrease i n  a 

-am these resu l t s ,  quench and tempered mic ros t ruc tJ res  produced a t  

h igher aus ten iz ing  temperatures appear t o  p rov ide  t h e  best s t a t i c  s t reng th  and 

near-threshold f a t i g u e  behavior i n  both a i r  and h igh  pressure hydrogen 

environments. The t y p i c a l  ho t - ro l l ed ,  normalized mic ros t ruc tdre  resu l ted  i n  

the lowest s t a t i c  s t reng th  and lowest f a t i g u e  th resho ld  value. Any f i n a l  

cons idera t ion  o t  an appropr ia te  mater ia l  should a l so  inc lude t h e  e f f e c t  o f  

m ic ros t ruc ture  on f r a c t u r e  toughness. This area was not iddressed i n  t h i s  

study. I n  summary, mic ros t ruc ture  does i n f l uence  the  near- threshold f a t i g u e  

behavior i n  both a i r  and i n  gaseous hydrogen. 
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